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The influence of doping impurities and the composition-dependent band gap in 2D materials
has been the subject of debate for a long time. Here, by using Density Functional Theory (DFT)
calculations, we systematically disclose physical propertiese chlorinated phosphorene having the
stoichiometry of P,,,Cl,. By analyzing the contribution from the adsorption energy, charge density
differences, migration energy barrier, structural, vibrational, and electronic properties of the chlori-
nated phosphorene, we found that (1) the Cl— P bonds are strong with binding energy E, =-1.61€V,
(2) Cl atoms on phosphorene have anionic feature, (3) the migration path of Cl on phosphorene
is anisotropic with an energy barrier of 0.38eV, (4) the phonon band dispersion reveal that the
chlorinated phosphorenes are stable when r <0.25 where r = m/n, (5) the chlorinated phospho-
renes may be used as a photonic crystal in the frequency range of 280cm ™' to 325cm ™!, (6) the
electronic band structure of the all chlorinated phosphorenes has some flat bands emerging around
the Fermi level with widths in the range of 22meV to 580 meV, and (7) Cl adsorption causes the
semiconducting to the metallic/semi-metallic transition which increases the electrical conductivity,
suitable for application as an electroactive material. To examine this application, we investigated
the change in binding energy, specific capacity, and open-circuit voltage as a function of the density
of adsorbed CI. It is found that E} decreases with increasing Cl content. The theoretical storage
capacity of the chlorinated phosphorene is calculated to be 168.19mAhg™" with a large average
voltage of 2.08 V which is ideal to be used as a cathode in the chloride-ion batteries. These results
indicate that phosphorene is a promising 2D-material for application in the electronic and phononic

devices.

I. INTRODUCTION

Phosphorene sheets are the constituent layers of black
phosphorus that stack with van der Waals (vdW) interac-
tions. The crystal type of phosphorene is orthorhombic
and the atoms are connected to each other in a chair-
like structure[1-3]. Among 2D-materials, black phos-
phorus and especially its halogenated counterparts have
broad application prospects [4-7]. For example, it was
shown that the halogenated phosphorene bilayer can be
applied as the long-sought 2D-multiferroic metal-free sys-
tem. In such system, vertical polarization can be con-
trolled against depolarizing field, which is needed for data
storage [8].

Also, phosphorene halides were theoretically revealed
to have significant oxidation resistance and desirable elec-
tronic and optical properties. For instance, a-P3Cly is
shown to be a direct semiconductor with a band gap
of 2.41eV and has a highly anisotropic carrier mobility
(56,890 cm? V=171 for electron and 26,450 cm? V=171
for hole) witch enable it for visible-light water split-
ting [9]. Moreover, phosphorene was repeatedly proposed
as an electroactive material in various rechargeable bat-
teries [10-12]. In a theoretical work, Pu etal.[13] in-
vestigated that Cl (F,Br) and I doped phosphorenes
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are p-type/direct and n-type/indirect semiconductors.
Also, they investigated that Cl- and I-phosphorenes are
promising spin-gapless semiconductors. It was revealed
that the halogen-striped functionalized monolayer has a
wedge energy band when the stripe—stripe distance was
less than 40 A . The latter leads to the linear relation be-
tween energy and momentum that can be used in optics-
like nano-electronics [14].

It was also reported that graphene can be fully chlo-
rinated, resulting in a stable structure called chloro-
graphene. In this structure, each hexagon has six chlorine
atoms that are alternatingly bonded at top and bottom of
the graphene surface with sp3-type covalent bonds [15].
However, there is a lack of knowledge about the effect
of gradually increasing C concentration on phosphorene
and corresponding electronic properties. From the ap-
plication point of view, although extensively literature
have been published on the application of black phos-
phorus and phosphorene in rechargeable batteries, phos-
phorene has not been experimentally and theoretically
evaluated as an electroactive material in chloride ion bat-
teries (CIBs).

In this work, we theoretically study the electronic
structure of chlorinated phosphorene and predict that it
can be a cathode material in CIBs. The cathode per-
formance is examined by changing the content of Cl ad-
sorbed on phosphorene. In order to investigate the prop-
erties of chlorinated phosphorene, the optimized struc-
ture, adsorption energy, electronic band structure, elec-
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Figure 1. (a) Top and side (b) views of the most stable bind-
ing site of Cl atom on a 3 X 3 supercell of phosphorene. (c)
Top and side views of the charge density difference between
Cl and phosphorene with the isovalue of 0.02 |e[/A3. Yellow
and green colors show charge deficient and charge sufficient,
respectively. (d) The change of total energy of Cl on phos-
phorene surface with respect to Cl-phosphorene distance (d)
along z-axis as schematically shown in panel (b).

tronic density of states, charge transfer, phonon band
structure, and phonon density of states are calculated .

II. THE METHOD

All calculations were carried out using CASTEP pack-
age as implemented in the Material Studio software [16].
The density functional theory (DFT) framework with
the generalized gradient approximation (GGA) and
Perdew—Burke-Ernzerhof (PBE) functional were used
to consider the electron exchange-correlation interac-
tions [17]. Long-range vdW interactions were consid-
ered by using Grimme’s empirical dispersion corrected
method [18]. The valence electron configurations for P
and Cl were chosen to be 3s23p® and 3s?3p°, respec-
tively. The cut-off energy of 600eV was considered for
the plane-wave basis. the stress-free configurations were
obtained through full optimization, i.e, atomic positions
and lattice vectors using a conjugate gradient algorithm.

The change in energy and force throughout the relax-
ation was considered to be 0.01meV and 0.01eV A1,
respectively. A vacuum space of 20 A was inserted along
the z-axis to eliminate specular interactions from adja-
cent layers. The orbital calculation of DMol® package
was also used to compute the difference in charge den-
sity between CI atom and phosphorene [19].

The binding energy per Cl-atom (FE}), for a system
with a unit cell containing m number of P and n number

of Cl, can be calculated as follows:
Ey = (Etotar — Ep,, — n Eci)/n, (1)

where Eroar, Ep,, and Eg; refer to the energy of
Cl/phosphorene complex, the bare phosphorene with
m number of phosphorus atoms, and a Cl atom, re-
spectively. Notice that in this study my,q., = 36 and
Nmaz = 2, 1.6., we simply decrease the density of CI by
making the simulation cell larger. When Ej <0 an ener-
getically favorable interaction between Cl and phospho-
rene is emerged leading to a stable structure.

The Arrhenius equation was used to study the molec-
ular transition rate (R) that can be evaluated using the
following expression:

R~ e BalkoT, (2)

where T', E,, and kp indicate temperature, the diffusion
energy barrier, and Boltzmann’s constant, respectively.

Open-circuit-voltage (Vocv) is widely used to deter-
mine the performance of batteries. The Vpcoy curve
can be obtained by calculating the average voltage over
the Cl content. The average voltage (V) of the system
P, Cl, (r = m/n) in the range of r1 < r < ry was ap-
proximated by

E(Cl.,P)— E(Cl,.,P)+ (ro — m)E(CI)
V =
e(ra — 1)

. (3)

It is important to mention that Vpocoy can be calculated
from the Gibbs free energy; however, if the change of
volume and entropy is negligible, one can calculate Voo
from the energy differences (Eq. (3)) [20].

ITI. RESULTS AND DISCUSSION
A. Adsorption of Cl on phosphorene

We performed geometry optimizations considering ad-
sorption on different sites of phosphorene surface to ex-
plore energetically more favorable sites for Cl adsorption.
The results of optimized lattice constants (a, b) for differ-
ent content of Cl on phosphorene are given in Tablel. As
shown in Fig. 1(a, b), the most stable adsorption site for
Cl on a 3 x 3 supercell of phosphorene, is directly above
the P atom of an uppermost atomic layer at a distance
of d=2.279 A in good agreement with literature [4].

The calculated E; value for Cl/phosphorene complex
is found to be about -1.61eV. This negative value refers
to the exothermic reaction between the Cl atom and
phosphorene. The formation energy of Cly is 1.26eV
per molecule [15], indicating that the CI atom would be
adsorbed on phosphorene surface rather than forming
Cl dimer or Cl-clusters. This binding energy is even
larger than the adsorption of Cl on a graphene surface
(1.16eV) [15].

The spatial charge density difference between Cl and
phosphorene is shown in Fig. 1(c). The large sufficiency



Table 1. The calculated lattice constants for phosphorene and its Cl doped counterparts, a and b (in A); the electronic band
gap, A (in eV); the phonon band gap, § (in cm™"); the flat band (FB) width, Wrp (in meV); the spin splitting of FB, SSrp
(in V) the average charge on Cl atom ; oy, average P — Cl bond length (in A), theoretical specific capacity; @ (in mAhg™');

estimated open-circuit voltage, Vocvy (in V).

systems] properties— a b A 6 Wrp SSre qgo1 P—Cl Q Vocv
phosphorene 3.281 4.857 1.11 45.73 - - - - - -
r=0.042 10.147 13.195 0.00 40.53 281 0.22 -0.20 2.279 34.41 2.39

(1)* r=0.055 10.147 13.195 0.25 12.01 103 0.25 -0.19 2.295 45.20 2.39

(2) r=0.055 10.147 13.195 0.76 19.18 176 0.07 -0.10 2.137 45.20 2.39

r=0.083 6.591 9.484 0.00 24.15 260 0.13 -0.14 2.210 65.83 2.34

(1) »=0.125 6.582 9.733 0.99 40.20 50 0.30 -0.09 2.132 121.11 2.28

(2) r=0.125 6.596 9.421 0.44 80.62 22 0.45 -0.10 2.154 121.11 2.28

(3) r=0.125 6.609 9.490 1.26 56.16 92 0.14 -0.10 2.121 121.11 2.28

r=0.187 6.603 9.478 0.00 68.52 297 0.43 -0.09 2.133 133.57 1.85

(1) »=0.25 3.382 4.398 0.00 65.97 305 0.56 -0.09 2.154 168.19 1.56

(2) =0.25 4.398 6.765 0.93 65.24 580 0.44 -0.08 2.119 168.19 1.56

(3) =0.25 4.398 6.765 0.25 78.58 404 0.43 -0.07 2.125 168.19 1.56

(4) r=0.25 4.398 6.765 0.71 90.71 262 0.29 -0.10 2.164 168.19 1.56

BiCls [21] 176.5 2.4
CoztFe*t (OH)sCl-1.6H20 [22] 62.0 -
Coz"Fe*t (OH)sCly-1.6H20 [22] 198.7 -
PPyCIQCNTs [23] 115.0 2.2
BiOCl1[24] 103.1 2.2

FeOC1 [25] 250.0 2.2

*The numbers in parentheses in the first column refer to the different structures for the same value of r (see Fig. 3, Figs. S1 and S2)

Figure 2. (a) Schematic top and side views of Cl migration
path. The corresponding positions are named by alphabets.
(b) Energy profile of Cl migration on phosphorene surface.
The corresponding energy barriers are shown in the figure.

of charge around the Cl atom indicates charge transfer
from phosphorene to the Cl atom. Charge donation oc-
curs only between the Cl and six P atoms that are chem-
ically bonded to each other and are close to the C1 atom.
Hirshfeld charge analysis shows that for Cl on 3 x 3 su-
percell of phosphorene, P atoms possess about 0.20 |e]
from their 3p orbital to the 3p orbital of the Cl atom.
Therefore, the Cl atom on phosphorene surface is an an-
ion. However, as the content of the Cl atom on one
or both sides of the phosphorene increases, the charge
transferred from the P atoms to the Cl atom decreases
to 0.07 |e| (see Table 1).

Next, we move Cl atom far from its most stable
binding to about 12.79 A perpendicular to the phospho-
rene surface to show the distance dependence of Ej, (see

Fig. 1(d)). For the distances beyond 6 A, the binding en-
ergy is negligible. In contrast, at distances less than 4 A,
the interaction between Cl and phosphorene sheet is at-
tractive where the energy decreases with a steep slope
which is shown by dashed blue line in Fig. 1(d). Thus, it
is obvious that Cl adsorption on phosphorene is a barrier-
less process.

B. Migration of Cl on phosphorene

The mobility of Cl on phosphorene plays an impor-
tant role in the stability and arrangement of Cl on its
surface. Therefore, we studied Cl migration on the phos-
phorene surface. A 3 x 3 supercell of phosphorene is used
to study C1 migration on it, where r = 0.042. The min-
imum energy path of C! diffusion on phosphorene is ob-
tained where at each point on the energy curve, z- and
y-positions of the C1 atom are considered to be fixed and
relaxation is allowed along z-direction by minimizing the
total energy and atomic forces.

From the top view of phosphorene, the atoms are ar-
ranged in a honeycomb lattice in which the anisotropy of
the structure directs the migration of CI on its surface.
As mentioned above, Cl adsorbs on top of a P atom.
Hence, the symmetry of the structure, we considered a
path starting from A and ending to A as illustrated in
Fig.2(a), in order to predict Cl migration on phospho-
rene. The corresponding plot of the energy change along
the migration path is shown in Fig.2(b). The C! atom
can diffuse onto adjacent Cl atoms (A to C) by passing
over an energy barrier (E,) of 0.38¢eV (at position B).
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Figure 3. Top and side views of P, Cl, (r = m/n = 0.25) with CI bonded on one or two sides are shown in the corner of each
panel. The electronic band structure (Left) and the electronic density of states (Right) are depicted in the top of each panel.
The phonon band structure (Left) and the phonon density of states (Right) are demonstrated in the bottom of each panel. The

numbers in parentheses refer to the different structures for the r value of 0.25 (see Table I).

Figure 4. (a) Binding energies per Cl-atom (E) as a function of Cl content. (b) Open-circuit voltage (Vocv) profile with
respect to Cl content from 0 to 0.25. Notice that here Ej is the total binding energy per Cl-atom of the unit cell with m
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Then CI can migrate along the diagonal of the honey-
comb (C to E) with the E, of 0.98 eV relative to the first
position (A). Finally, Cl can diffuse on phosphorene from
E to A by overcoming an E, =0.97¢eV.

Our results show that the most likely diffusion path
of Cl on phosphorene is between two adjacent P atoms
due to the lower energy barrier. However, the migration
of Cl on phosphorene has a strong directional anisotropy
feature because of the puckered phosphorene structure.
Using Eq. (2), the transition rate of Cl from A to C is
about 9.40 x 107 faster than that of other paths at room
temperature. This indicates an extremely low probability
of Cl migration anywhere except between two adjacent
P atoms.

C. Electronic and phononic properties of
chlorinated phosphorene

To examine the effect of Cl concentration on the elec-
tronic properties of phosphorene, we considered different
stable structures having the stoichiometry of P,,,Cl,, (r =
n/m = 0.042, 0.055, 0.083, 0.125, 0.187, 0.25) as shown
in Fig.3(a), and Figs.S1 and S2(a) of supporting infor-
mation (SI) file. For the different values of r, we have
considered supercells with different sizes: r=0.042: one
C'l atom bonded on one side of a 3 x 3 supercell, r=0.055:
two Cl atoms bonded on one or two sides of a 3 x 3 su-
percell (two structures), 7=0.083: one CI atom bonded
on one side of a 2 x 2 supercell, r=0.125: two Cl atoms
bonded on one or two sides of a 2 x 2 supercell (three
structures), r=0.187: three C! atoms bonded on both
sides of a 2 x 2 supercell, 7=0.25: one CI atom bonded
on one side of a 1 x 1 supercell or two CI atoms bonded
on one or two sides of a 1 x 2 supercell (four structures).

We have evaluated the electronic properties of Cl-
doped phosphorene with different values of r by means
of band structure analysis. Figure.3(b), Figs. S1-S3(b)
illustrate the calculated electronic band structure and
partial density of states (PDOS) for pristine phospho-
rene and the structures with the different r values. Our
results indicate that pristine phosphorene is a semicon-
ductor with a band gap (A) of 1.11eV (see Fig.S3) in
good agreement with the other theoretical works [26, 27].
However, Cl-doping on phosphorene surface can drasti-
cally alter the electronic feature of pristine phosphorene.
For odd numbers of C1, the structure shows metallic be-
haviour and for even numbers of Cl atoms, A ranges
from 0.25 to 1.26 eV. Phosphorene was also found to ex-
hibit semiconductor to metal transition for metal ion in-
tercalation [28]. For all chlorinated phosphorene, the p
orbitals are dominant and has a strong contribution near
the Fermi level.

As listed in Tablel, there are four structures for r =
0.25. Our results indicate that all these structures have
metallic or semi-metallic behaviour. This infers that the
metallic behavior of phosphorene increase monotonically
with increasing C! doping up to the ratio of 0.25. Also,

the A of phosphorene can be tuned upon C! doping.

Interestingly, it is found that for all chlorinated phos-
phorene a nearly flat band (FB) emerges around the
Fermi level. In fact, as the PDOS profiles illustrate, the
p orbitals dominate the states around the Fermi level, ac-
cordingly, the FBs mainly originats from the electrons in
the p orbitals. The majority of Cl-doped phosphorene are
in the ferromagnetic states due to the asymmetry profile
of PDOS. Also, the width of FBs (Wgg) for the chlori-
nated phosphorene is in the range of 22 meV to 580 meV
(see TableI). The structures with r=0.125 have narrower
FBs. The spin splitting (SSrp) of the FB is in the range
of 0.07 to 0.56 €V (see TablelI).

The phonon density of states and phonon band struc-
tures of pristine phosphorene and its chlorinated counter-
parts are shown in Fig. 3(c), and Figs. S1-S3(c). All the
phonon branches have real eigenfrequencies and there-
fore all the studied structures (r,,,=0.25) are expected
to be stable. The frequencies are in the range of 15cm ™!
to 500cm ™. Also, the highest frequency of phosphorene
does not change drastically as compared to that of chlori-
nated phosphorene. Generally, photonic crystals are used
to allow or prohibit the propagation of electromagnetic
waves in certain frequency ranges[29, 30]. The phonon
band gap (d) of chlorinated structures is in the range
of 12.01ecm™' to 90.71cm™'. However, most of these
gaps lie between frequencies in the range of 280 cm ™! to
325 cm !, indicating that chlorinated phosphorene could
be used as a photonic crystal to influence electromagnetic
wave propagation in this frequency range.

We found that the structures of Cl bonded to phospho-
rene for r > 0.25 are unstable. This instability may raise
from the remarkable electrostatic repulsive interactions
between adjacent C! anions. Therefore, the insertion of
higher contents of Cl into phosphorene leads to cleavage
of the P — P bond, which is an irreversible process and
decreases chlorination/dechlorination in phosphorene.

D. Possible application of chlorinated phosphorine
as cathode in chloride ion battery

Rechargeable batteries are increasing in importance in
order to meet the ever-increasing demand for renewable
energy caused by the reduced supply of fossil fuels. Dur-
ing the last decades, metal-ion (e.g. Li™, Na*, and K1)
rechargeable batteries have attracted much attention due
to their outstanding properties such as long cycle life,
high energy density, long durability, excellent safety, and
no memory effect [31-33]. In contrast, research on anion-
based rechargeable batteries has rarely been reported.
In this sense, rechargeable batteries based on the shut-
tling of fluorine and chlorine anions have several key ad-
vantages to meet the increasing energy storage require-
ments [34].

These fascinating features arise from the high elec-
tronegativity and appropriate ion radius of these anions.
The latter lead to an easier mass transfer, a large the-



oretical volumetric energy density (up to 2500 WhL~1),
a dendrite-free structure, and a wide window of electro-
chemical stability [35, 36]. In addition, rechargeable bat-
teries based on shuttling of CI~ (ClBs) have low-cost ,
large-scale energy storage capacity, and can be manufac-
tured because of the abundance of chloride.

In the pioneering work on ClBs[21], the cathode
and anode were chosen to be a metal chloride salt
(BiCl3, VCl3, CuCly, and CoClsy) and metallic lithium
(or magnesium), respectively.  Subsequently, metal
oxychlorides [37-40], such as BiOCl, VOC!, FeOCI,
and Sb,05Cl,, layered double hydroxides [22, 35, 41, 42],
antimony-decorated reduced graphene oxide[43], and
chloride-doped organic polymers[23, 44], such as
polypyrrole (PPy) and polyaniline (PANT), which have
been introduced as electroactive materials in CIBs.
The reactions that occur during a discharge process at
the cathode and anode of a CIB can be expressed as
follows [37]:

Cathode: MCl,, + ne” < M +nCl~
Anode: M’ +nCl= < M' Cl; + ne™

where M CI,, refers to an electroactive cathode material
and M’ refers to a highly electropositive metal at the
anode.

Despite progress in ClBs, cathode materials still
have serious problems, including dissolution in the elec-
trolytes, short cyclic life, unsatisfactory electrochemical
performance, low capacity, poor structural stability, and
large volume expansion. Therefore, the exploration of
suitable host cathode material containing high capacity
and cycle life to improve CIBs is a top priority. In the
following section, we evaluate phosphorene as a possible
cathode in CIBs.

1. Theoretical capacity and voltage profile of chloride in
phosphorene

We found that Cl loading on phosphorene surface is a
barrier-less process that makes phosphorene a good can-
didate for ClBs. Also, a strong Ej is required in the
interaction between the electroactive materials and the
shuttling atoms. To explore the potential of phospho-
rene as a cathode in ClBs, we calculated E; as a func-
tion of Cl content and show the results in Fig.4(a). It
is seen that E; decreases almost linearly with increas-
ing r. For all r values, E; is larger than 0.71eV. How-
ever, the absolute values of E, decrease with increasing
Cl content, suggesting that the C1/phosphorene complex
becomes less stable due to increasing repulsive interac-
tions between adjacent Cl anions. This trend was also
observed for Li-ion, and M g-ion batteries adsorbed on
phosphorene [45, 46]. Depending on the size and induced
charge to the cation/anion this trend can be different.

Also, the absolute value of E; for anions is larger than
that of cations[28, 45, 47].

As mentioned above, r=0.25 is the high stoichiometry
value for Cl/phosphorine complex. Our results indicate
that it is equal to a specific capacity of 168.19mAhg™!.
This capacity is comparable to the other cathode mate-
rials that have been used in CIBs (see bottom panel of
Table 1).

For a series of r values, the average insertion potential
Vocv and charging voltage profiles can be estimated.
The results of Voo are shown in Fig. 4(b). The Vocov
for Cl-doped phosphorene is explored by considering the
following half-cell reaction:

PCl, +ne” < P+nCl™. (4)

The Vooy decays with a sharp slope from 2.28V to
1.85V when r > 0.125, and then the slope of the voltage
profile becomes slow. The average storage voltage of Cl
in phosphorene is found to be 2.08 V. This is promising
for phosphorene to be applied as a cathode in CIBs (see
TableI).

IV. CONCLUDING REMARKS

To summarize, we performed DFT calculations to
study the influence of gradually increasing Cl content
on the electronic and phononic properties of phospho-
rene, i.e. partially chlorinated phosphorene (P,,Cl,).
These systems were proposed to have application as a
cathode in chloride-ion based batteries (ClBs). Our re-
sults show that the Cl atom can be strongly adsorbed
on phosphorene with a binding energy of -1.61eV. Due
to the puckered structure of phosphorene, Cl migration
shows a highly anisotropic feature with an energy barrier
of E,=0.38¢eV. The analysis of electronic band struc-
ture, phonon band structure, and density of states re-
vealed that the chlorinated phosphorene are stable with
an electronic (phonon) band gap in the range of 0.25
eV to 1.26 eV (12.01 ecm~! to 90.71 cm~!). Interest-
ingly, some flat bands appear around the Fermi level for
all chlorinated phosphorene with a width in the range
of 22meV to 580meV. The calculated storage capacity
of chlorinated phosphorene is 168.19mAhg~! and the
average open-circuit voltage is estimated to be 2.08 V
acceptable for use as a cathode in CIBs. Our findings
suggest that phosphorene is a good candidate to be used
as cathode material in ClBs.
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FIG. S1. Top and side views of P,,Cl,, (r = m/n = 0.043, 0.055, 0.083) with Cl bonded on one or two sides are shown in the
corner of each panel. The electronic band structure (Left) and the electronic density of states (Right) are depicted in the top
of each panel. The phonon band structure (Left) and the phonon density of states (Right) are demonstrated in the bottom of

each panel. The numbers in parentheses refer to the different structures for the same value of r (see Table I).
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FIG. S2. Top and side views of P,,Cl,, (r =m/n = 0.125, 0.187) with Cl bonded on one or two sides are shown in the corner

of each panel. The electronic band structure (Left) and the electronic density of states (Right) are depicted in the top of each

panel. The phonon band structure (Left) and the phonon density of states (Right) are demonstrated in the bottom of each

panel. The numbers in parentheses refer to the different structures for the same value of r (see Table I).
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FIG. S3. (a) Left: The electronic band structure; Right: The electronic density of states. (b) Left: The phonon band structure;

Right: The phonon density of states of the pristine phosphorene.



